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In 2003, Stanley & Powell reported depressed rates of origination and extinction in
marine invertebrates during the Late Palaeozoic Ice Age (LPIA). Using a database of
crinoid genera, rates of origination, extinction and genus duration were calculated at
the stage level from the Early Devonian to the Late Permian. This 165 m.y. time span
includes non-glacial intervals before and after the LPIA, which spanned the Serpukho-
vian to Sakmarian, providing background rates for comparison. Data generated on
crinoid evolutionary rates during the Middle to Late Palaeozoic were analysed and
compared to Stanley & Powell’s data to determine whether crinoid evolutionary pat-
terns support their findings or suggest an alternative hypothesis. Rates of origination
and extinction in all crinoid clades were reduced during the LPIA compared to the
combined background intervals before and after the LPIA. However, crinoid diversity
was higher during the LPIA than the surrounding time intervals. The difference in
diversity trends between crinoids and other marine invertebrates is due to the
advanced cladids clade. Unstable, fluctuating environmental conditions during the
LPIA may have created habitats suitable for opportunistic crinoid genera that reduced
both the probability of origination and extinction. The increased diversity of the
advanced cladids is likely due to their unique adaptation of muscular arm articula-
tions, which allowed them to thrive in marine settings with increased siliciclastic influx
brought on by the Alleghenian orogeny. Despite the advanced cladids’ departure from
the expected diversity count, the results of analyses performed on the updated crinoid
database provide independent confirmation of Stanley & Powell’s original hypothesis
of depressed evolutionary rates in marine invertebrates during the LPIA. □ Cladida,
Crinoidea, Echinodermata, macroevolution, opportunistic.
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Stanley & Powell (2003) examined evolutionary rates
of marine invertebrates during the Palaeozoic,
including the Late Palaeozoic Ice Age (LPIA), span-
ning ~331 Ma to 290 Ma (Serpukhovian to Sakmar-
ian) (Fielding et al. 2008; Shi & Waterhouse 2010;
Gradstein et al. 2012; Monta~nez & Poulsen 2013).
Stanley & Powell (2003) observed that diversity
(genera) counts and evolutionary rates of marine
invertebrates appeared abnormally low during the
LPIA based on calculations performed on fossil mar-
ine invertebrate data from Sepkoski (2002). They
hypothesized that during the LPIA, rates of evolu-
tionary turnover decreased as extinction and origi-
nation rates for marine invertebrates were depressed.
This study reports on an examination of the evolu-
tionary rates of four subclasses of crinoids during
the LPIA and adjacent background intervals. The
analyses were completed using an approach similar
to Stanley & Powell (2003), but with a more detailed
focus on a single taxonomic group, the Crinoidea.
Numerous studies examining individual taxonomic
groups or local fossil assemblages during the LPIA,

including brachiopods, foraminifera and trilobites,
have been conducted by other researchers (Brezinski
1999; Powell 2005, 2007; Groves & Lee 2008; Groves
& Yue 2009; Bonelli & Patzkowsky 2011). With the
exception of the foraminifera, the other studies sup-
port reduced evolutionary rates during the LPIA.
The foraminifera represent an exception (specifically
fusulinids) caused by ocean temperature changes
during the LPIA and fusulinid palaeogeographic
extent, but do not necessarily refute reduced evolu-
tionary rates in marine invertebrates during the
LPIA (Groves & Lee 2008; Groves & Yue 2009).

Background, data and methods

For a more detailed examination of evolutionary
rates in the four subclasses of crinoids, Camerata
and Cladida were subdivided (Table 1). The camer-
ates were separated into the orders Diplobathrida
and Monobathrida, whereas the cladids were sepa-
rated into the informal groups ‘primitive cladids’
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and ‘advanced cladids’ based on arm morphology
(arm pinnules absent or present, respectively). The
subdivision of the cladids is not a Linnaean classifi-
cation, but it does represent distinctly separate
palaeoecological groupings (Kammer & Ausich
2006; Ausich & Kammer 2013).

The current view of the LPIA is that of a period
spanning tens of millions of years containing a series
of 1–8 m.y. glaciation events and interglacial periods
(Fielding et al. 2008; Shi & Waterhouse 2010; Mon-
ta~nez & Poulsen 2013). There is minor variation in
the literature as to when the LPIA was initiated and
later terminated. Fielding et al. (2008) noted precur-
sor glacial events in the Famennian and Tournaisian,
with the main LPIA event starting in the Serpukho-
vian and ending in the Sakmarian, followed by inter-
mittent glaciation through the Middle Permian. Shi
& Waterhouse (2010) indicated that the LPIA
spanned the Serpukhovian to mid-Sakmarian. Mon-
ta~nez & Poulsen (2013) place the start of the LPIA at
the Visean–Serpukhovian boundary, with the end
marked by a mid-Sakmarian deglaciation event,
although minor glaciations continued through the
Middle Permian. The present study follows the gen-
eral consensus above that the LPIA spans the Ser-
pukhovian to Sakmarian, which agrees with the
LPIA definition used by Stanley & Powell (2003).

Analyses of Palaeozoic crinoid evolutionary rates
were performed on a database of crinoid genera that
was updated from Sepkoski’s (2002) compendium
of marine genera. Sepkoski’s data on crinoids were
combined and updated with data from Kammer &
Ausich (2006), Rhenberg & Kammer (2013), Rhen-
berg et al. (2015) and Webster (2014). The updated
database contains 735 unique crinoid genera along
with First Appearance Dates (FADs) and Last
Appearance Dates (LADs) of each genus (Tables S1,
S2). There were 143 crinoid genera added, and 112
crinoid FADs/LADs revised in the process of updat-
ing Kammer & Ausich’s (2006) Devonian–Pennsyl-
vanian crinoid database. The time range of the
updated database spans from the Lochkovian

(419.2 Ma) to the Changhsingian (252.2 Ma). The
time-scale from Gradstein et al. (2012) used for the
database is shown in Figure 1. Sepkoski’s (2002)
Palaeozoic crinoid data were compared with the
updated data in terms of standing genus diversity by
stage and by per million years (Fig. 2).

Any range extensions without clear locality infor-
mation, or any genera (<20) with uncertain FADs or
LADs that could not be resolved through further
checking, were not included in the updated database.
The time range of the study included the Devonian
through Late Permian so that background evolu-
tionary rates of crinoids could be compared to rates
during the LPIA. Ordovician and Silurian stage data
were included for study interval genera that
originated before the Devonian to calculate genus
durations. Stage names were converted to time bins,
1–31, starting with the Tremadocian at time bin 1
and ending with the Changhsingian at time bin 31
(Fig. 1). The Ordovician, Silurian and latest Permian
(Changhsingian, time bin 31) were excluded from
the time interval studied. The Ordovician and Sil-
urian were excluded (except for those genera that
originate in the Ordovician/Silurian and continue
into the Devonian) because this study builds on the
database of Kammer & Ausich (2006), which only
included Devonian through Pennsylvanian occur-
rences. The Latest Permian stages, the Capitanian
through Changhsingian, were excluded from evolu-
tionary rate calculations due to a lack of reported
crinoid data. Although the studied background
interval is shorter than what Stanley & Powell (2003)
used, it is still nearly three times longer than the
LPIA (113 m.y. vs. 41 m.y.)

The majority of additional genera entered into the
database were Permian in age, and many of the new
entries are from localities on the island of Timor
(Indonesia), particularly the Basleo fauna. There has
been debate in the literature regarding the age of the
rocks containing the Timor specimens (Webster
1998; Charlton et al. 2002; Sepkoski 2002). An
Artinskian age was chosen for this study because
many of the Timor species are also recorded in the
Artinskian of the Ural Mountains of Russia and
Artinskian units from Australia (Webster 2014). A
recent study revising ranges of the crinoid
Graphiocrinus summarized evidence indicating that
the Basleo fauna of West Timor (where many of the
Permian crinoid specimens in question come from)
is likely Artinskian to Kungurian in age (Webster &
Donovan 2015).

After the database was updated, the ranges based
on the FADs and LADs of each genus (Table S1)
were converted to presence/absence data (Table S2).
Range data were compiled using the range-through

Table 1. Division of Palaeozoic crinoid clades. Subclass Cladida
split into the informal groups of ‘primitive cladids’ and ‘ad-
vanced cladids’ based on arm morphology (non-pinnulate vs.
pinnulate).

Class Crinoidea
Subclass Camerata

Order Diplobathrida
Order Monobathrida

Subclass Disparida
Subclass Cladida

Primitive cladids (non-pinnulate)
Advanced cladids (pinnulate)

Subclass Flexibilia
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method from FAD to LAD. Range data were
resolved only to the stage level. Once the presence/
absence data were prepared, stratigraphical range
variables were calculated for each time interval
(Time Bins 11–30; Fig. 1) included in this study.
Four main variables described by Foote & Miller
(2007) were the basis for all subsequent calculations
of evolutionary rates for crinoids during the LPIA:
(1) NbL, a variable representing taxa that have their
FAD before an interval of interest and their LAD
within that same interval; (2) NFt, a variable repre-
senting taxa that have their FAD within an interval
of interest and have their LAD after that same

interval; (3) NFL, a variable representing taxa that
have a FAD and a LAD within the same interval; and
(4) Nbt, a variable representing taxa that ‘range-
through’ or taxa that have their FAD before the
interval of interest and their LAD after the same
interval.

Mean and median crinoid genus durations were
calculated by stage and are listed in Table 2, whereas
all other values calculated for each crinoid clade are
listed in Table S3. The most significant of the values
calculated are the following: (1) PO/PE, the propor-
tion of origination/extinction for genera within a
single interval, including singletons (NFL, genera

Fig. 1. Time bins assigned to stages, starting dates and duration of each stage updated for use in analyses (Gradstein et al. 2012). Tre-
madocian through Pridolian and Capitanian through Changhsingian are not part of the background intervals studied, but are included
in calculations due to range-through genera. Genus data in Tables S1, S2.
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found only in one stage); (2) p/q, the per-capita
origination/extinction for genera within a single
interval, but not including singletons; and (3) mean
genus durations for total crinoids and each crinoid
clade during the LPIA and outside the LPIA (Bau-
miller 1993; Foote & Miller 2007; Powell 2007). It is
important to look at the rates of origination/extinc-
tion with and without singletons, or single interval
taxa, included. Rates calculated with singletons from
a well-sampled interval, such as the Mississippian for
crinoids, are likely to represent real trends. The sin-
gleton taxa from the well-sampled Mississippian are
thought to be reasonably well constrained and repre-
sent genera that probably had short durations. Rates

calculated with singletons from a less well-sampled
interval, such as the Permian, may be less depend-
able. The singleton taxa in the Permian are more
likely to create an artefact in the calculated evolu-
tionary rates due to inherent taphonomic bias such
as the extraordinarily preserved diversity found on
Timor. Evolutionary rates both including and
excluding singletons were calculated for comparison
of evolutionary patterns within crinoids during the
LPIA.

For evolutionary rates calculated as background
rates, certain time ranges were excluded to make
sure the rates did not include any data that might
bias the values. The LPIA interval (time bins 20–25)

Fig. 2. Standing diversity (genera) of Palaeozoic crinoids from Sepkoski’s (2002) compendium of fossil marine genera compared to the
updated crinoid database (Table S1) with standing diversity (genera) by stage. A, comparison using Palaeozoic crinoid data by stage; B,
comparison using Paleozoic crinoid data per million years.

LETHAIA 51 (2018) Late Palaeozoic Ice Age evolutionary rates 333



was excluded from the calculations of background
rates so its effect was not part of the background
evolutionary values. The latest Permian interval
(time bins 29–31) also contained little to no data,
which likely represents at least a partial taphonomic
bias, from lack of Late Permian marine rocks outside
of Asia (Gradstein et al. 2012). It also could record
the effects of the Late Permian mass extinction,
which would not be typical of background rates.
Data within individual clades were also considered,
and certain time frames are excluded for individual
clades. For example, the fossil record of diplo-
bathrids ends before the initiation of the LPIA (Ser-
pukhovian); therefore, they were not included in
calculations involving the LPIA. Advanced cladids
do not originate or have sufficient data until the
Emsian, so the proceeding stages of the Lochkovian
and Pragian are not included in background rate cal-
culations for advanced cladids to avoid artefacts.

Background evolutionary rates for all clades (ex-
cept diplobathrids and the advanced cladids) were
calculated from the Lochkovian to Vis�ean (Time
bins 11–19) and from the Artinskian to Wordian
(Time bins 26–28) for a total of 12 stages. The LPIA
evolutionary rates were calculated from the Ser-
pukhovian to Sakmarian (Time bins 20–25) for a
total of six stages. Although glaciation associated
with the LPIA is projected to have begun in the latest
Vis�ean (Frank et al. 2008; Shi & Waterhouse 2010;
Monta~nez & Poulsen 2013), it is interpreted as
minor glaciation in the latest Vis�ean and is unlikely
to have had an immediate impact on marine biodi-
versity. It is for this reason that the Vis�ean is
included in the calculations of background evolu-
tionary rates instead of evolutionary rates during the
LPIA.

Results

The results of the analyses on the updated database
of Devonian–Permian crinoid genera show that dur-
ing the LPIA proportional origination and extinc-
tion rates for all crinoid clades were lower than
background rates of origination and extinction
(Fig. 3). Figure 3 compares the mean PO/PE rates as
percentages by interval during the LPIA to mean
background PO/PE rates as percentages by interval,
similar to Stanley & Powell’s (2003). The only clade
with a higher mean genus count during the LPIA
than the background intervals is the advanced cla-
dids (Table 3), with an average LPIA genus count of
almost three times their background diversity (69
and 25, respectively). The higher total crinoid aver-
age genus count in the LPIA is caused exclusively by
the advanced cladids, which represent ~59% of the
total crinoid diversity during the LPIA.

In a similar approach to Powell (2005), mean
and median genus durations (LPIA and back-
ground) of crinoid clades were calculated by stage
(Table 2). All crinoid clades had higher mean and
higher and or equal median genus durations among
genera that lived during the LPIA than genera that
lived during the background interval. The mean
genus durations for the LPIA and background
intervals were statistically tested for significance
using the nonparametric Mann–Whitney test from
the program PAST (Hammer et al. 2001). A t test
of the mean genus durations was not used because
the distributions of the mean genus durations are
non-normal. The difference in the monobathrids
was significant at the 90% confidence level, while
primitive cladid, advanced cladid and total crinoid
results were all significant at a 99% confidence level.

Table 2. Mean and median durations by stage of crinoid genera from the LPIA (41 m.y., 6 stages) and background (133 m.y. combined,
12 stages) intervals. Mann–Whitney test (P-same) used to determine probability that LPIA samples and background samples came from
the same population. LPIA mean/median genus durations are greater and or equal to background mean/median genus durations and the
differences are statistically significant for monobathrids, primitive cladids, advanced cladids and total crinoids with singleton taxa
included. The differences are not statistically significant with singletons removed, except for primitive cladids that have long-ranging
microcrinoid genera. Removing singletons resulted in sample sizes too small to compare disparids or flexibles. Sample size is the number
of stage occurrences by genus.

Total
genera

Background
duration

Background
sample size

LPIA duration LPIA
sample
size

Mann–Whitney P-value

Mean Median Mean Median Singletons No singletons

Diplobathrids 30 2.9 2 30 – – – – –
Monobathrids 152 3.0 2 137 4.0 2 41 0.072 0.681
Disparids 65 3.5 2 61 4.7 4 16 0.168 –
Prim. cladids 120 3.1 2 115 6.8 8 19 0.001 0.0005
Adv. cladids 315 2.5 2 208 2.9 2 191 0.0003 0.679
Flexibles 53 3.8 3 48 4.5 4 13 0.282 –
Total crinoids 735 2.9 2 599 3.5 3 281 0.000004 0.586

Background duration: 113.3 m.y.; LPIA duration: 40.8 m.y.
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However, after a more thorough examination, it
was found that singleton taxa strongly influenced
the distribution shapes of the LPIA and background
samples, thereby skewing the results (Fig. 4). With
the singletons removed, the test results for the
monobathrids, advanced cladids and total crinoids
are all non-significant, giving the appearance that
the LPIA and background samples come from the
same population (Table 2). The primitive cladids’
continued statistical significance is likely an artefact
because primitive cladid genera that existed through
the LPIA are almost exclusively microcrinoids.
Microcrinoids (calyx <2 mm, Sevastopulo 2008)
generally possess simple calyces that lack the com-
plexity typically used to differentiate crinoid genera,
which might artificially extend true biologic ranges.
In summary, the total crinoid record supports the
observation of higher mean and median genus
durations during the LPIA when singletons are

included, but it is not a strong signal without the
singletons because many genera occur in both the
LPIA and background intervals (Fig. 4).

The advanced cladids are unusual in that they
have a significantly elevated diversity during the
LPIA, despite having reduced evolutionary rates dur-
ing the LPIA. However, rates and counts cannot be
directly compared, particularly when dealing with
smaller numbers (advanced cladid diversity in the
Devonian) that grow into larger numbers (advanced
cladid diversity during the LPIA). Because the
advanced cladids originate within the study interval,
their early evolutionary rates appear higher in the
Devonian and lower during the LPIA. For example,
when going from one genus to two, there is a 100%
rate of origination, as is seen at the advanced cladids’
beginning (Lochkovian). An increase of one genus,
however, is a comparatively low increase in absolute
genus count. In contrast, when there are 57 genera
(advanced cladids, Bashkirian) and there are 105
genera in the following stage (advanced cladids,
Moscovian), the rate of origination is only 84%
despite being an increase of 48 genera. The relatively
high evolutionary rates, associated with the large
proportional changes of small genus counts for
advanced cladids during the Devonian, vs. their
lower rates during the LPIA when the proportional
differences in genus counts were smaller from stage
to stage, are probably the cause of the discrepancy
between their evolutionary rates and diversity counts
in the study interval.

Evolutionary rates and diversity counts for each
crinoid clade were plotted individually and together

Fig. 3. Mean proportional rates of origination and extinction in crinoids (% interval) during the LPIA vs. background rates of origina-
tion and extinction in crinoids (% interval). The dashed line represents parity. All crinoid clades fall below the line of parity, indicating
reduced evolutionary rates during the LPIA. Calculated values in Table S3.

Table 3. Mean crinoid genus counts by stage for both the back-
ground and LPIA intervals. Advanced cladids are the only cri-
noid clade with a higher mean genus count during the LPIA as
compared to mean background counts. Genera that occur in
both the LPIA and background are counted in both intervals.

Background LPIA

Diplobathrids 7 –
Monobathrids 24 16
Disparids 12 9
Primitive cladids 21 14
Advanced cladids 25 69
Flexibles 10 7
Total crinoids 95 114
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to compare them throughout the study interval. The
proportions of origination and extinction (Fig. 5),
the per-capita origination/extinction (Fig. 6) and
diversity counts (Fig. 7) were plotted for each crinoid
clade. Evolutionary rates and diversity counts for total
crinoids were also calculated and plotted (Fig. 8).

A consideration to be made when looking at stage
level data is to determine whether calculated rates of
evolution are skewed because of uneven stage dura-
tions. For instance, the Vis�ean represents 15.8 mil-
lion years of time, whereas the following
Serpukhovian represents less than half that at 7.7

A

B

C

Fig. 4. Genus counts by stage duration for crinoids comparing the LPIA and background interval for monobathrids, advanced cladids
and total crinoids. The shapes of the distributions are significantly different due to the singletons (1 stage duration genera). The advanced
cladids have more genera with higher stage durations during the LPIA than the background interval. A, monobathrids; B, advanced cla-
dids; C, total crinoids.
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million years. The raw diversity of the Vis�ean (173
crinoid genera) is greater than that of the Serpukho-
vian (113 crinoid genera), and if plotted on a graph
by stage, the Vis�ean would appear to be more signifi-
cant in terms of raw diversity. Although when nor-
malized to per million years (Diversity/Stage
Duration), the Serpukhovian has a higher degree of
diversity, at 13.6 genera per million years, as com-
pared to the Vis�ean’s 9.3 genera per million years
(Fig. 2). However, the data used to calculate the evo-
lutionary rates for this study are based on FADs and
LADs by stage, rather than per million years, for
each genus. Without knowing the exact origination

or extinction dates of each individual genus, using
per million year data can distort the results, giving
more ‘weight’ to genera within a shorter stage as
compared to genera within a longer stage.

Discussion

Exceptional advanced cladids

The advanced cladids experienced a peak in diversity
during the LPIA, especially during the Late Carbonif-
erous (Fig. 7E). This increased diversity is opposite of

A B

C D

E F

Fig. 5. Proportion origination and extinction (PO and PE, respectively) of each crinoid clade. Proportion origination and extinction cal-
culations use ‘singletons’ and are calculated by stage. A, diplobathrids; B, monobathrids; C, disparids; D, primitive cladids; E, advanced
cladids; F, flexibles.
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what might be expected from Stanley & Powell’s
(2003) hypothesis. However, this may not indicate a
flawed hypothesis but rather an exception. The
advanced cladids (cladids with arm pinnules) were
the only Palaeozoic crinoid clade with evidence of
muscular arm articulations between arm plates,
whereas other Palaeozoic crinoids had strictly liga-
mentary articulations (Ausich & Baumiller 1993; Bau-
miller 2008). Compared to ligamentary articulations
that moved by mutable collagen, muscular arm artic-
ulations would have allowed for advanced cladids to
move their arms more rapidly (Kammer & Ausich
2006; Baumiller 2008). This would allow a flicking
motion that enabled advanced cladids to clear their

arm fans of clastic sediments more easily than other
clades of crinoids. This ability could have enabled the
advanced cladids to be more tolerant of high-turbid-
ity siliciclastic settings than other crinoid clades such
as the camerates, which had slower moving arms in
their denser filtration fans (Kammer et al. 1998).
Thus, advanced cladids were adapted for the increase
in siliciclastic-dominated depositional environments
in response to the formation of Pangaea, specifically
the Alleghenian Orogeny in Laurentia, which over-
lapped in time with the LPIA (Kammer et al. 1998;
Smith & Read 2000; Ettensohn et al. 2002).

Advanced cladids may not have competitively dis-
placed camerates, as the two clades had different

A B

C D

E F

Fig. 6. Per-capita origination (p) and extinction (q) of each crinoid clade. Per-capita origination and extinction calculations exclude sin-
gletons and are calculated per million years. A, diplobathrids; B, monobathrids; C, disparids; D, primitive cladids; E, advanced cladids; F,
flexibles.
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environmental preferences. Camerates preferred the
carbonate-ramp settings of the Tournaisian and
Vis�ean, when they reached peak diversity (Fig. 7B),
whereas advanced cladids appeared well adapted to
environments with higher siliciclastic influx (Kam-
mer & Ausich 2006). More likely than competitive
displacement is that as the carbonate-dominated
depositional environments declined and siliciclastic-
dominated depositional environments increased in
the Middle to Late Mississippian due to the Alleghe-
nian Orogeny (Smith & Read 2000; Ettensohn et al.
2002), the habitats available to camerates shrank,
whereas the habitats available to advanced cladids
expanded. The advanced cladids responded

opportunistically to this environmental change and
became the dominant clade of crinoids during the
LPIA. Despite the advanced cladids’ departure from
what is expected of their diversity counts during the
LPIA, their evolutionary rates are still lower during
the LPIA than the surrounding background intervals
(Fig. 3), thus supporting Stanley & Powell’s (2003)
original hypothesis of depressed evolutionary rates
in marine invertebrates during the LPIA.

Decreased evolutionary rates

Stanley & Powell (2003) had two main hypotheses
for the decreased rates of origination and extinction

Fig. 7. Genus counts (range-through method) of each crinoid clade by stage from the Early Devonian to the Middle Permian. A, diplo-
bathrids; B, monobathrids; C, disparids; D, primitive cladids; E, advanced cladids; F, flexibles.
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in marine invertebrates during the LPIA. The first
hypothesis they offered was that environmental con-
ditions during the LPIA induced lower capacities in
marine habitats to support various ecosystems.
Essentially, the cooler temperatures of the LPIA
could have decreased the global carrying capacity of
marine environments, creating more competition
among marine benthos and leading to extinction
caused by competitive stress. However, competitive
exclusion among marine benthos is rare (Stanley

2008). A further issue with the hypothesis of
increased competition initiated by LPIA environ-
mental shifts is that while it would account for low-
ered rates of origination, it would fail to explain
lowered rates of extinction.

The second hypothesis put forward (and
favoured) by Stanley & Powell (2003), which was
further explored by Powell (2005), is that environ-
mental conditions during the LPIA reduced the
probabilities of both origination and extinction.

A

B

C

Fig. 8. Evolutionary rates and diversity count of all Palaeozoic crinoids. A, proportion origination and extinction of total crinoids by
stage; B, per-capita origination and extinction of total crinoids per million years; C, genus counts (range-through method) by stage of
total crinoids.
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Rates of origination and extinction generally follow
the same trend because they are usually caused by
similar evolutionary processes (Stanley 1990). The
probabilities of origination and extinction would be
reduced because marine invertebrates that survived
the initiation of the LPIA, and those that originated
during the LPIA, were more likely to be r-selected
(opportunistic) taxa. The traits of these r-selected
marine invertebrates would include the following:
(1) a wide ecological adaption, which would allow
them to live in a wide range of environments that
favours survival, but not origination through isola-
tion or separation; and (2) abundant, stable popula-
tions which have longer mean and median durations
that are less likely to be disrupted and less likely to
split and allow for new taxa to develop (Stanley &
Powell 2003; Powell 2005).

The results of Powell’s (2005) study support the
hypothesis that opportunistic, long-ranging taxa
were more prevalent during the LPIA, which
resulted from decreased rates of extinction. Bra-
chiopod genera with longer median genus durations
were dominant during the LPIA as compared to
background intervals. A study of Palaeozoic trilo-
bites (Brezinski 1999) reflects the palaeoecological
trends predicted by the reduced probability of evolu-
tionary change hypothesis (Stanley & Powell 2003).
Origination and extinction rates of trilobites
declined with the onset of the LPIA and new trilobite
species originating in the LPIA had wide ecological
ranges.

Crinoids that lived during the LPIA had
greater mean and median durations (increases of
0.6 stages and 1 stage, respectively, Table 2),
indicating that crinoids may have followed a pat-
tern similar to brachiopods and trilobites, with
longer-lived genera more common than shorter-
lived genera during the LPIA, suggesting lower
rates of extinction. The Mann–Whitney test of
the individual crinoid clades revealed that dura-
tion differences overall were statistically signifi-
cant for monobathrids, primitive cladids,
advanced cladids and total crinoids (Table 2).
However, after closer examination, it was deter-
mined that singleton taxa skewed the data, caus-
ing the LPIA and background distribution shapes
for individual crinoid clades to be different
(Fig. 4). With the singletons removed, the mono-
bathrids, advanced cladids and total crinoid val-
ues are instead much more likely to represent
similar populations for the LPIA and background
(Table 2; Fig. 4). The significantly greater number
of singletons in the background (Fig. 4), as com-
pared to the LPIA, is judged to reflect higher
turnover rates than incomplete sampling. The

proportion of singleton taxa is generally thought
to be a measure of the incompleteness of sam-
pling (Foote & Miller 2007). However, the lower
proportion of singletons in the LPIA is unlikely
to be the result of better sampling of that inter-
val as compared to the background. There is no
a priori reason to assume any systematic collect-
ing bias favouring the LPIA based on geological
map area and estimated rock volumes (Raup
1976).

During this study, it was assumed that environ-
mental factors driven by LPIA-associated global
cooling were the main influences on the reduced
evolutionary rates observed in Palaeozoic crinoids.
However, it is understood that these results only
tested the association between crinoid evolutionary
rates and the timing of the LPIA glaciations, rather
than establishing a cause and effect relationship. It is
certainly possible that the observed evolutionary
rates of each crinoid clade are caused by physiology
unique to that clade or other environmental factors
besides global cooling, such as the increased influx
of siliciclastics in marine environments brought on
by the Alleghenian Orogeny. However, the reduced
diversity counts and evolutionary rates of all crinoid
clades (except the advanced cladids’ increased diver-
sity) follow the hypothesis of lower evolutionary
rates in marine invertebrates during the LPIA. The
advanced cladids’ departure from the diversity pre-
dictions of Stanley & Powell (2003) highlights the
role of new adaptations that can allow groups of
organisms to be successful despite limiting environ-
mental conditions.

Another example of unique physiologies causing
the opposite of predicted outcomes during the LPIA
is that of the foraminifera (Groves & Lee 2008;
Groves & Yue 2009). Foraminifera experienced
increased rates of origination and extinction during
the LPIA, which Groves & Yue (2009) attribute to
adaptations unique (symbiosis with algae, delayed
maturation) to the then dominant fusulinid forami-
nifera. The cases of the advanced cladids and fusuli-
nid foraminifera bring to the fore that changing
global environmental conditions can exert a similar
influence over many taxa, but exceptions to that
influence can reflect unique adaptations that allow
organisms to respond opportunistically and behave
in opposition to predicted results. A study of the lat-
itudinal ranges (e.g. Powell 2005) of crinoids
through the Palaeozoic with a focus on the LPIA
could provide a further test to explore the idea of
lower probabilities of origination and extinction in
marine invertebrates during the LPIA, along with
exploring possible mechanisms behind reduced evo-
lutionary rates.
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Conclusions

Rates of origination and extinction in all crinoid
clades were decreased during the LPIA when com-
pared with background evolutionary rates (Fig. 3).
The corollary to this was increased genus durations
during the LPIA (Table 2). Except for the advanced
cladids, diversity counts for the other crinoid clades
decreased during the LPIA (Table 3). These findings
support Stanley & Powell’s hypothesis of reduced
evolutionary rates in marine invertebrates during the
LPIA due to marine environmental changes resulting
from the series of glaciations. The advanced cladids
are an exception to the predicted results, with aver-
age diversity counts that are far higher during the
LPIA then the surrounding background intervals.

Although the advanced cladids’ higher diversity is
in opposition to what was predicted, this may reflect
on their likely unique muscular arm articulations
allowing adaptation to clastic influx in marine envi-
ronments during the Alleghenian orogeny coincident
with the LPIA. This exception does not refute Stanley
& Powell’s (2003) hypothesis, because despite the
advanced cladids’ success, they also experienced
reduced evolutionary rates during the LPIA. As car-
bonate-dominated marine environments of the Mis-
sissippian gave way to siliciclastic-dominated marine
environments of the Pennsylvanian, advanced cladid
diversity climbed. The unique adaptation of muscular
arm articulations in advanced cladids allowed them
to be successful during the LPIA despite reduced evo-
lutionary rates, whereas other crinoid clades were
not. The advanced cladids’ diversity during the LPIA
is contrary to the predicted outcome, but rather than
contradicting Stanley & Powell’s (2003) hypothesis,
the diversity increase in advanced cladids highlights
the role of a major new adaptation, even during limit-
ing environmental conditions.
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